Abstract Two mesoporous silica materials: MCM-41 and SBA-15 were applied as potential nanocarriers for poorly soluble drug-nimodipine. Drug incorporation was performed using modified adsorption from the solution method and loaded samples before and after washing procedure were studied. The physical properties were verified by: differential scanning calorimetry, X-ray powder diffraction, electron microscopies (SEM/TEM) and Fourier-transform infrared spectroscopy (FT-IR). FT-IR results for bulk nimodipine were interpreted on the basis of first principles calculations (DFT). As a result of encapsulation process, in both matrices nimodipine appeared simultaneously in two forms: crystalline and amorphous, but the first one turned out to be easily removable during washing procedure. The in vitro dissolution and release tests were performed with ultra pure water under supersaturating conditions. The release rate of the amorphous nimodipine from mesoporous silica materials was at least 70 times higher than dissolution rate of bulk drug, thus revealed a potential usefulness of such carrier in future pharmaceutical applications in terms of delivery of poorly soluble drugs.
Introduction
Nimodipine (NM) is a 1,4-dihydropyridine derivative, classified as a second generation calcium channel antagonist [1] . As it is highly lipophilic and able to permeate through the blood-brain barrier, it is often used for the treatment of blood circulatory disorders in the brain. When administered orally, NM is quickly absorbed from the gastrointestinal tract but-due to the poor solubility and first-pass effect in the liver-its bioavailability is very low [2] . Moreover, NM can occur in two polymorphic forms, labelled as I and II, differing i.a. in colour, melting point and water solubility [3] . As it has been shown, under ambient conditions these two forms can coexist for a long time, but in the presence of traces of solvents, form I (metastable) undergoes a transformation to form II (stable).
Although form I has more attractive pharmacological properties (i.e. its solubility in water is twice higher), it has not been used separately in clinical practice. According to Riekes et al. [4] ., it was found that most of the commercially available products contain metastable form I of NM in greatest proportion, but still at least 9 % of stable form II is present in them.
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According to the biopharmaceutics classification system (BCS) it belongs to group II [5] , and its bioavailability after oral administration is just 15.9 % on average [6] . Thus, conventional therapy with NM in the form of tablets or capsules requires administration of frequently taken much higher doses [7] . For these reasons, the use of a carrier that would improve the solubility of NM in body fluids and enhance drug delivery, seems much promising. In the recent decades, nanospheres [8-12, 15, 16, 18] or microspheres [11, 13, 14, 17] were widely used as drug carriers. A few reports have been published on the use of liquid and solid microemulsions [19, 20] , solid dispersions [21] [22] [23] or drug-loaded type systems based on cyclodextrins [24] [25] [26] and lipid [27] [28] [29] or phospholipid micelles [30, 31] . Nevertheless, all these systems have organic character, so are potentially sensitive to external factors such as temperature or pH, and can drastically change their properties under the effect of these factors [32] . In order to eliminate the presence of additional substances in the system, some attempts have been made to improve the solubility of NM by reduction of its particle size. The nanocrystals of NM formed under high pressure and stabilised by lyophilisation have revealed much less beneficial release profiles than the crystalline form of NM, both in water and in Fasted State Simulated Intestinal Fluid (FaSSIF) [33] .
In view of the above, much promising seems to be the use of inorganic materials for production of thermally and pH stable system permitting improved delivery of NM. As follows from hitherto studies, one of the most often used pharmaceutical carriers is porous silica [34] . Although not much attention has been paid to the systems with NM, some attempts at using the hexagonally ordered mesoporous material SBA-15 [35] and macroporous silica spheres PMS [36] confirmed that these materials have beneficial effect on the release rate of NM.
The aim of our study was to compare the structural properties and release profiles of NM incorporated into two mesoporous silica materials MCM-41 and SBA-15.
2 Experimental procedure
Materials
Nimodipine (NM) and MCM-15 were purchased at Sigma Aldrich (USA) and studied without further purification. SBA-15 was synthesised by the method proposed by Zhao et al. [37, 38] . Sorption properties of the mesoporous materials were evaluated by low-temperature nitrogen sorption-Supporting materials, Chapter 1.
Nimodipine encapsulation
The NM encapsulation into a mesoporous carrier MCM-41 or SBA-15 was performed by a method according-Supporting materials, Chapter 2.
Encapsulated materials were studied before (1) and after washing with dichloromethane (2) and were labelled respectively: NM-M-1; MN-M-2 (for NM and MCM-41) and NM-S-1; MN-S-2 (for NM and SBA-15).
Physical mixtures preparation
The two samples NM with MCM-41 and SBA-15 were labelled as NM-M and NM-S, respectively-Supporting materials, Chapter 3.
Methods
The physical properties of nimodipine-loaded samples were verified by differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD), electron microscopies (SEM/TEM) and Fourier-transform infrared spectroscopy (FT-IR). In particular, FT-IR results for bulk nimodipine were interpreted on the basis of first principles calculations (DFT). The dissolution and release processes was investigated using on-line closed loop semi-automated flowthrough cell dissolution system (SOTAX AG, Switzerland) using method described in the Ph. Eur. 8.0 [39] .
. Supporting materials, Chapter 4.
Results and discussion

Thermal analysis: DSC
The DSC method was applied to check the effect of encapsulation on thermal properties of NM and the silica matrix. The thermograms of NM, physical mixtures NM-M and NM-S as well as unwashed samples NM-M-1 and NM-S-1 showed endothermic peak with a maximum at 128°C. It was assigned to the melting of NM form I [3] .
However, in the DSC thermograms of the washed samples (NM-M-2/NM-S-2), the peak assigned to NM melting was not observed. This result implies that NM left inside the pores after washing does not have a crystalline form. On the other hand, the peak in the DSC thermograms of the unwashed samples (NM-M-1/NM-S-1) should be interpreted as corresponding to NM localised on the external surface of the mesopores.
To sum up, the DSC analysis proved that in the unwashed samples (NM-M-1/NM-S-1) kind of a dual system is realised in which: part of NM-localised on the external surface of mesopores-is crystalline and easily washed away, while the other part of NM-localised inside the pores-does not show crystalline features. On the contrary, the washed samples (NM-M-2/NM-S-2) are devoid of the easily removable crystalline NM.
Thermal analysis: TGA
Quantitative analysis of NM incorporated into the mesoporous silica matrices MCM-41 and SBA-15 was performed on the basis of TGA results, presented in Fig. 1 .
TGA curve recorded for NM (in the range from room temperature to 550°C), above 220°C, revealed one sharp decrease corresponding to a significant mass loss, interpreted as a result of the process of decomposition.
For MCM-41 the TGA curve revealed two decreases. The first one is observed from room temperature to about 100°C, corresponding to the mass loss of 1.6 %, and assigned to dehydration that is the release of water adsorbed on the surface. The second decrease takes place from about 100 to 1000°C and corresponds to 2.2 % mass loss. It is assigned to gradual condensation of the surface silanol groups, described as the process of dehydroxylation [40] . For SBA-15 the analogous mass losses related to dehydration and dehydroxylation were 4.9 and 3.1 %, respectively. As follows from these data, SBA-15 had 3 times greater water content and 1.5 times greater OH group content per area unit than MCM-41.
For all samples with incorporated NM (NM-M-1/NM-M-2 and NM-S-1/NM-S-2) the thermograms below 130°C showed a decrease caused by dehydration, corresponding to about 0.5 % mass loss. This value was much smaller than those observed for the silicas MCM-41 and SBA-15. Moreover, TGA analysis permitted evaluation of NM loading efficiency for encapsulation process into the silica matrices. For the samples supported on MCM-41 it was 51.6 % (NM-M-1) and 24.3 % (NM-M-2), while for the samples supported on SBA-15: 50.5 % (NM-S-1) and 17.9 % (NM-S-2). So, the amount of NM incorporated in SBA-15 was smaller than that in MCM-41.
In general, assuming that in both silica matrices NM molecules (of the size smaller than 9 Å , Figure 1S -Supporting materials) are not sterically hindered during incorporation, and taking into account the mean pore size (Table 1S -Supporting materials), it can be estimated that the fulfillment of pores would imply formation of two layers of NM in MCM-41 and three layers of NM in SBA-15. In our case, assuming that in the washed samples (NM-M-2/NM-S-2) drug is localised only inside the pores, the pore filling by NM molecules in the silica matrices was estimated to be 29 % for MCM-41 and 20 % for SBA-15. Considering these values in relation to the pore geometry and the size of the NM molecule, it can be concluded that the amount of incorporated NM was insufficient to make a single monolayer. For both matrices the mean coverage of the surface of silica pores was close to 60 % and reached a slightly greater value for SBA-15.
Powder X-ray diffraction: SAXS
The effect of NM encapsulation on the structure of silica matrices was checked by the method of small angle X-ray scattering (SAXS). The spectra recorded for the silica matrices and samples with encapsulated NM are shown in Fig. 2 .
The SAXS diffractograms of all samples contain three peaks characteristic for hexagonal arrangement of mesopores (space group p6 mm), corresponding to the planes (100), (110) and (200) [37, 38] . In the diffractogram of MCM-41, the peaks are localised at higher angles than in that of SBA-15, which implies smaller lattice constant in the former. In the diffractograms of the samples after NM encapsulation (NM-M-1/NM-M-2 and NM-S-1/NM-S-2) no changes in the shape or in position of the peaks were noted with respect to those in the diffractograms of silica matrices before encapsulation (MCM and SBA).
The interplanar distances d 100 ð Þ, the lattice constants a (calculated each time on the basis of the position of the most intense peak, that corresponds to the (100) plane) and the mean thicknesses of the pore wall t (calculated taking into account the mean pore size, see Table 1S ), are given in Table 2S -Supporting materials ( Table 1) .
As follows from Table 2 , the agreement between the parameters characterising the porous structure before and after NM incorporation and washing, confirms that NM encapsulation has no effect on the structure of the silica matrix. In particular, it does not change the silica lattice parameters and does not degrade the hexagonal pore arrangement.
Powder X-ray diffraction: WAXS
All samples were also subjected to wide angle X-ray scattering study, the results of which are presented in Fig. 3 .
According to literature, NM at room temperature can occur in two polymorphic forms [3] . The metastable form I is a racemic mixture, crystallizing in the monoclinic P2 1 /c space group, with the unit-cell built by four molecules. The form II is a conglomerate, which is also built by four nimodipine units, packed into the orthorhombic P2 1 2 1 2 1 unit cell [41] . In both polymorphic forms, the nimodipine units are N-HÁÁÁO hydrogen-bonded, as the alkoxy groups in the flexible chains attract the protons from the dihydropyridine moieties. This weak hydrogen-bonding is characteristic for both polymorphs, while the subtle differences are mainly due to the van der Walls forces.
The WAXS diffractogram of NM ( Fig. 3) shows peaks assigned to the monoclinic crystalline form I of NM, that is the metastable one [42] . The diffractograms of MCM-41 and SBA-15 silicas show no reflections assignable to crystalline ordering, so confirm the amorphous character of silica that builds the walls of both matrices, although they show a single broad peak with a maximum at 22°in 2 theta scale [43] . The WAXS diffractograms of physical mixtures of NM and silicas (NM-M/NM-S) and those of unwashed samples with encapsulated NM (NM-M-1/NM-S-1) are superpositions of diffractograms of crystalline NM and the matrix. The diffractograms recorded for the washed samples with encapsulated NM (NM-M-2/NM-S-2) are devoid of the reflections characteristic of crystalline structure. Analysis of WAXS results indicates that, as a result of the process of encapsulation, NM is partly adsorbed on the silica surface in the crystalline form and this fraction of NM is removed on washing. Thus, the WAXS results confirm those obtained by DSC method (cf. Thermal analysis-DSC).
Infrared spectroscopy studies
Vibrational analysis of nimodipine
Although the title system has been studied extensively over the years, there is no report on vibrational analysis of NM Table 1 The wavenumbers (cm 
[ presented in the literature. Here, we would like to fill the void by presenting the band assignment, supported by the state-of-the art first-principles calculations, dedicated to solid-state. As mentioned above, NM can form two polymorphic forms, which can coexist under ambient conditions. In the present paper, we refer the analysis only to the monoclinic polymorph, because-as shown by the WAXS measurements (cf. Powder X-ray diffraction-WAXS)-the sample studied here can be classified as NM form I. The optical vibrational spectra of both polymorphic forms have been reported by Grunenberg et al. [3] and recently extensively evaluated with chemometry by Siddiqui et al. [44] . The experimental FT-IR spectrum of our sample stays in excellent agreement with the data reported in literature for NM form I.
The detailed band assignment of NM form I is given in Table 2 (on the basis of DFT calculations), while a comparison of experimental and theoretical spectra-calculated for both isolated molecule and solid-state models-is presented in Fig. 4 .
Because of the P2 1 /c symmetry and the presence of 4 molecular moieties in the unit cell, the 669 optical-active modes are distributed among the symmetry species as follows: C = 166B u ? 167A u ? 168B g ? 168A g . Hence, 335 ungerade symmetry modes are expected in the solidstate FT-IR spectrum, in which the wavenumbers of modes are further affected by the factor-group splitting. The calculated spectra are in very good agreement with the experimental data, allowing for a reliable band assignment.
The highest-wavenumber range exhibits the characteristic m(N-H) stretching band, which is affected by the The characteristic intense band, assigned to the antisymmetric mNO 2 stretching, was found at 1523 cm -1 (it symmetric counterpart was observed at 1346 cm The range of *825-550 cm -1 , restored with excellent accuracy by the solid-state calculations, is dominated by the out-of-plane vibrations. While the c(CH) modes dominate the spectrum down to *700 cm -1 , the lower part of the spectrum exposes the out-of-plane ring deformations.
The lowest analysed part of the FT-IR spectrum is generally mainly covered by the weak-intensity bands, linked to the complex skeletal deformations of the terminal chains, which becomes more delocalized when going down with the wavenumbers.
Vibrational analysis of encapsulated samples
The initial materials i.e. NM and mesoporous matrices as well as products of their encapsulation and washing were also characterised by FT-IR spectra (Fig. 5) .
The FT-IR spectra of silica matrices MCM-41 and SBA-15 are similar because of the alike composition of these two materials. They both show e.g. a narrow band assigned to the stretching vibrations of surface hydroxyl groups of single and geminal type (well seen at 3746 cm -1 in the spectrum of MCM-41 and poorly seen at 3747 cm -1 in that of SBA-15). There is also a broad band assigned to the stretching vibrations of hydrogen-bonded surface hydroxyl groups (at 3420 cm -1 in the spectrum of MCM-41 and at 3446 cm -1 in that of SBA-15) [45] . Other bands include: that assigned to bending vibrations dH-O-H of adsorbed water (at 1631 cm -1 in the spectrum of MCM-41 and 1635 cm -1 in that of SBA-15), a broad band assigned to bending vibrations dSi-O-Si (at 1089 cm -1 in the spectrum of MCM-41 and 1082 cm -1 in that of SBA-15). Below 1000 cm -1 , there is also a band assigned to out-ofplane vibrations cH silanol ÁÁÁO-H water (at 806 cm -1 in the spectrum of MCM-41 and at 805 cm -1 in that of SBA-15) and a band assigned to dO-Si-O and dSi-O-Si bending vibrations (at 460 cm -1 in the spectrum of MCM-41 and at 458 cm -1 in that of SBA-15). As suggested in literature, in this region a band assigned to libration modes of water should be observed, but its absence in our samples may be a result of quite low water content [46, 47] .
As follows from Fig. 5 , the FT-IR spectra of physical mixtures (NM-M/NM-S) are the superpositions of the spectrum of NM and the appropriate silica.
However, in the spectra of silica with encapsulated NM (NM-M-1/NM-M-2 and NM-S-1/NM-S-2) some differences may be noted with respect to those of physical mixture (NM-M/NM-S). For the samples supported on MCM-41 (NM-M-1/NM-M-2) the process of NM encapsulation results in a disappearance of the band assigned to the stretching vibrations of the surface O-H of single and geminal types (3746 cm -1 ). It means that encapsulation of NM in the silica matrix leads to a reduction of the number of unbounded silanol groups. Thus, it can be assumed that-through formation of hydrogen bonds-these groups are involved in the immobilisation of NM on the surface of silica pores. Similar effect was observed in the spectra of samples supported on SBA-15 (NM-S-1/NM-S-2), however for this matrix the disappearance of the band at 3747 cm -1 is much less noticeable. The most pronounced changes in the spectra of the samples after encapsulation are observed near *1700 cm -1 (region of mC=O vibrations) and near *3300 cm -1 (region of mN-H vibrations). In the first region, i.a. near *1700 cm -1 , besides the band at 1693 cm -1 (characteristic for mC=O vibrations of crystalline NM), another band appeared at a distance of nearly 10 cm -1 . In the spectra of samples supported on MCM-41 it was localised at 1700 cm -1 , while in those of the samples supported on SBA-15-at 1683 cm -1 . This splitting can be attributed to the presence of the amorphous form of NM which appears as a result of encapsulation [48, 49] . Moreover, it was observed that the relative content of the amorphous form of NM increases after washing, as the ratio of intensity of the new band (at 1700 and 1683 cm -1 ) to that of the band assigned to mC=O vibration of crystalline form of NM (1693 cm -1 ) was much higher for the washed sample. It can be assumed that the effect observed is a result of removal of the NM crystallites from the external surface of a sample (cf. Powder X-ray diffraction-WAXS).
In the second region, i.a. near *3300 cm -1 , in the spectra of both matrices with encapsulated NM, for unwashed as well as washed samples, there is no band observed that is assigned to the mN-H vibrations of NM in crystalline form (3296 cm -1 ). Its disappearance may suggest the involvement of this group in formation of hydrogen bonds with the silanol groups [50] , which indicates a potential mechanism of NM bonding to the silica matrix during encapsulation. Additional evidence of the presence of amorphous NM is the appearance of the bands at 3323 cm -1 in the spectra of samples supported on MCM- 41 and at 3338 cm -1 in the spectra of samples supported on SBA-15, especially well seen in the spectra of washed samples (NM-M-2/NM-S-2).
From the analysis of the FT-IR spectra it can be concluded that during the process of encapsulation additional hydrogen bonds arise in the system. Most probably they are formed between the amino group of NM and oxygen atoms of the silanol groups from the matrix. Furthermore, the additional bands appearing at 1700 and 3323 cm -1 for samples supported on MCM-41 and at 1683 and 3338 cm -1 for samples supported on SBA-15, are related to the presence of amorphous form of NM.
Scanning and transmission electron microscopies
The size of particles and surface morphology of the mesoporous silicas MCM-41 and SBA-15 were analysed on the basis of SEM images, presented in Fig. 6 . In the micrometric scale the materials are very similar. As can be seen form Fig. 6 , for both samples the SEM images show aggregations of grains, whose sizes are approximately from more than ten (SBA) to a few tens (MCM) of micrometers, forming a rich variation of surface structures. In the system of so rich morphology it is not possible to perform encapsulation of a drug without its considerable adsorption on the external surface of the material. Thus, the rich morphology explains the presence of NM crystallites in unwashed samples (cf. Thermal analysis-DSC and Powder X-ray diffraction-WAXS) and emphasise the significance of washing procedure in the preparation of the final product (cf. Drug loading). Despite being similar in a SEM recording scale, the two silica matrices: MCM-41 and SBA-15 revealed a significant difference in morphology in TEM images (Fig. 7) . Although the materials exhibit highly ordered, hexagonal porous structure, in MCM-41 the domains (of the sizes near 50 nm) are distributed randomly, while in SBA-15 they assume the shape of regular tubes (of about 0.5 lm in diameter and over 10 lm in length). Such morphology, especially that of SBA-15, limits the accessibility of pores and thus also the sorption ability of SBA-15 with respect to that of MCM-41. However, no such differences were noted when comparing their surface areas, as they reached very close values for both silicas. Thus, unlike the nitrogen sorption results (cf. Basic characterisation), the differences Moreover, as shown in the TEM images (Fig. 7 , the process of encapsulation does not affect the morphology of silica matrices and does not degrade the porous structure, as it has been also quantitatively implied by SAXS measurements (cf. SAXS).
Drug dissolution and release studies
An aqueous equilibrium solubility of NM was reported to be 3.86 mg/L [51] . Our dissolution and release studies of NM have been performed under supersaturating conditions using 1 L of ultra pure water and appropriated amounts of powders corresponding to 5 mg of NM. Non-sink conditions were chosen, as drug loaded mesoporous silica materials might lead to a temporary supersaturation of the dissolution medium. Therefore, under non-sink conditions a better differentiation of NM loaded silica carriers and comparison of the degree and duration of supersaturation reached is possible. Figure 8 shows the dissolution and release profiles of NM in ultra pure water.
Comparison of NM dissolution and release profiles from all studied samples was performed by similarity factor f 2 method (Equation (1)-supporting materials) and the values obtained are summarized in Table 2 . As seen in Table 2 , f 2 values for NM-M-2 or NM-S-2 versus NM, NM-M, NM-S, NM-M-1 and NM-S-1 indicate lack of profiles similarity (f 2 \ 50). Release profiles of NM loaded in MCM-41 and washed (NM-M-2) show comparative results with NM-S-2 (f 2 = 51.3). We also observed dissimilarity between the dissolution curves of NM-M-1 or NM-S-1 versus NM.
The influx and competitive adsorption of water to the pore surfaces provides for a rapid dissolution and complete release of NM from NM-S-2 and NM-M-2 materials. The drug loaded in these mesoporous materials show very fast initial drug release profiles: more than 60 % of the incorporated nimodipine was dissolved and released within 3 min. On the other hand we observed very poor and incomplete dissolution of nimodipine (32.80-41.35 % at 720 min) from all other samples containing crystalline form: NM, NM-M, NM-S, NM-M-1 and NM-S-1. The maximum fraction (F max ) of the drug in solution was extracted directly from the experimental data and for NM-M-2 F max was equal to 102.95 ± 4.28 % at 165 min (see Fig. 8a ), while for NM-S-2 was 96.24 ± 10.93 % at 45 min (see Fig. 8b ). The first-order model (Equation (2)-supporting materials) was fitted to three individual dissolution data of each sample of NM. This model provides a good fit for all of the dissolution and release profiles (R observed-predicted [ 0.95), indicating similar Fickian diffusion mechanism of NM release from tested materials [52, 53] . Release rate of NM from NM-S-2 with k D = 0.3792 (min -1 ) was 108 times faster than dissolution rate of bulk NM [k D = 0.0035 (min -1 )]. Release rate of NM from NM-M-2 [k D = 0.2485 (min -1 )] was approximately 70 times faster than dissolution rate of bulk NM. Compared with the crystalline drug, the amorphous phase of nimodipine inside the mesopores can reduce the lattice energy and improve the wettability, resulting in enhanced dissolution and release behaviour [54] . The 1.5 times faster delivery of NM from NM-S-2 than from NM-M-2 could be related to the difference of the pore size between SBA-15 and MCM-41 (1.7 times smaller pores in MCM-41) [55] .
However, the NM amounts released within first 2 min were higher from NM-M-2 (42.48 % at 1 min and 54.39 % at 2 min) with the smaller pore size (3.66 nm) than from NM-S-2 (35.20 % at 1 min and 52.58 % at 2 min). These results demonstrate the effect of the particle morphology on drug release. TEM images revealed significant differences in sizes and shapes of MCM-41 and SBA-15 matrices (Fig. 7) which could be ascribed to the difference in the length of pore channels [56] . Particles having short pore channels (i.e. spherical MCM-41 with diameter ca. 0.05 lm) could further reduce diffusion resistance for NM release to the dissolution media. Cylindrical SBA-15 with dimensions 0.5 9 10 lm has longer diffusional channels that the molecules have to follow to reach the bulk solution.
Furthermore, it was shown that the burst-like release of the amorphous NM from ordered mesoporous silica materials gave rise to supersaturation in ultra pure water which caused only limited precipitation (entropy-driven crystallization). The more gradual release of NM from MCM-41 results in a more sustained supersaturation (Fig. 8a ) compared with SBA-15 (Fig. 8b) . To assess the stability of supersaturation of the respective formulation, the corrected area under the concentration-time profile (cAUC) was calculated. It should be noted that the area that corresponds to the thermodynamic solubility of nimodipine in ultra pure water (i.e., the area under the dotted line in Fig. 8 ) was subtracted from the area under the curve of the NM-M-2 and NM-S-2. Thus the cAUC represents a measure of supersaturation, taking into account both the degree and the duration of supersaturation [57] . The cAUC increases progressively with decreasing release rate (influenced by pore size, amount of silanol groups per surface area, drug loading, pore filling and particle morphology): 15546 (% min) and 7878 (% min) for NM-M-2 and NM-S-2, respectively. The maximum degree of supersaturation (i.e., the highest concentration attained, F max ) is slightly higher for NM-M-2. Moreover, the time point of maximal supersaturation is 3.7 times increased for NM-M-2 compared to NM-S-2. Supersaturated concentrations were maintained for at least 11 h from both matrices (see Fig. 8 ). According to first-order model (Equation (3)-supporting materials) less precipitation was observed for NM-M-2 with precipitation rate k P = 0.00017 (min -1 ) which is 1.5 times smaller than for NM-S-2 [k P = 0.00026 (min -1 )]. These results indicate the improvement of NM dissolution and release rate due to the following factors: amorphization, increase its specific surface area using mesoporous materials and the weak interactions between silica surface and the drug which was easily removed in presence of water. These rapid kinetic profiles lead to supersaturation state and present great interest for pharmaceutical application in order to enhance dissolution and improve a rapid drug delivery of poorly water-soluble drugs.
Conclusion
Two hexagonally ordered mesoporous silica materials (MCM-41 and SBA-15) were applied as potential nanocarriers for poorly soluble drug-nimodipine. Nimodipine was encapsulated using method of modified adsorption and obtained samples were studied before and after washing. As the results of TGA analysis have shown, this type of adsorption for both mesoporous matrices gave the drug loading value of approximately 50 % before and 20 % after washing procedure.
According to DSC, WAXS and FT-IR results, nimodipine appeared in two different states: the crystalline one, that was easily removed during washing, and the amorphous one, that allowed to improve some physicochemical properties of studied material i.e. the release rate. The presence of amorphous nimodipine as well as the hydrogen bonding between its molecules and the surface of silica matrix were detected using FT-IR analysis, interpreted partly on the basis of first-principles calculations.
Dissolution and drug release experiments in ultra pure water in non-sink conditions showed fast and complete release of drug molecules included within SBA-15 and MCM-41 mesopores. Supersaturation was observed for amorphous formulations and sustained for at least 11 h. Significant improvement of drug dissolution and release was observed as compared to the dissolution of the pure drug of crystalline phase or to its physical mixtures' with SBA-15 or MCM-41 and drug crystals as well as to unwashed mesoporous materials.
Therefore, the results evidenced that SBA-15 and MCM-41 are a promising carriers to achieve amorphous form and enhanced dissolution rate for nonionisable, poorly water-soluble drug-nimodipine.
